We describe a method that contributes to the analysis of the functions of mammalian genes by the use of amphibian embryos and electron microscopy. Following forced expression of specific mammalian genes in amphibian embryos, we attempted to deduce the function of each gene from the ultrastructural changes in cell organelles caused by its overexpression. This method has been applied to the analysis of the functions of genes isolated from mammalian skeletal muscle and the results have shown it to be an effective technique for such studies. We present the results of our experimental studies using this method and discuss its usefulness in analyzing mammalians genes.
Introduction
Sequencing of the whole genome of several animal species, including humans, has been completed recently, but the functional analysis of each gene remains a significant challenge. In experimental attempts to analyze gene function, knockout and transgenic mice are commonly used in combination with forced expression of exogenous genes in cultured cells. The creation of knockout and transgenic mice is, however, both technically challenging and time consuming. In addition, the use of cultured cells has the disadvantage that they are not fully representative of the functions of the original cells in vivo. Cognizant of these constraints, we developed a simple method involving the forced expression of mammalian genes in amphibian embryonic cells, followed by electron microscopy of these cells. The main purpose of our initial trials of this method was to determine whether, after the forced expression of specific mammalian genes in amphibian embryos, we could obtain early indications of their functions by the use of electron microscopy.
We chose early amphibian embryos and electron microscopy for the analysis of gene functions for a number of reasons, including the following. (i) Early embryonic cells express basic cell functions, such as cell movement, intracellular transport, protein synthesis, and cell division. This is of advantage for the analysis of gene functions.
(ii) Amphibian embryonic cells are large in size and can develop in a simple saline solution, which makes them very tractable and suited to a variety of experiments. (iii) Ultrastructural analysis of cells, based on electron microscopy, is very efficient as a method for the analysis of a variety of gene functions, because we can make an overall analysis of ultrastructural changes in cell organelles that take part in a number of cell functions. We initially applied our method to the analysis of genes isolated from mammalian skeletal muscle. In this article, the results are discussed in the light of those obtained from analyses of knockout mice lacking these genes.
Methods

Embryos, culture and microinjection
We used Japanese newt embryos, Cynops pyrrhogaster (urodele amphibian), instead of Xenopus laevis (anuran amphibian) embryos, which are more commonly used in this type of study. Our reasons were as follows: Cynops embryos are twice as large as Xenopus embryos and the duration of the cell cycle at the cleavage stage is about three times longer than in Xenopus embryos (in Cynops, 1.5 h is roughly equivalent to one cell cycle at 20°C). Although Cynops embryos are less often used in developmental studies, the protocols for experimental manipulations are essentially the same as for Xenopus embryos. We could, therefore, make use of existing published protocols for experimentation with Xenopus oocytes and embryos [1, 2] in our studies on Cynops.
We performed our experiments as follows. Spawning of Cynops eggs was induced by injection of human chorionic gonadotrophin (50-100 units) into the abdominal cavity. Fertilized eggs were cultured at 20°C, with staging being based on the table published by Okada and Ichikawa [3] . Embryos were collected at the 2-to 8-cell stages (stages 2-4) and the capsule enveloping the embryo was removed manually by the use of forceps. Then, the embryos were transferred to a culture solution (15 mM NaCl, 0.1 mM KCl, 0.06 mM Ca(NO 3 ) 2 , 0.2 mM MgSO 4 , 0.6 mM HEPES, 50 IU ml -1 penicillin, 50 µg ml -1 streptomycin, pH 7.4) and capped RNA (cRNA) was injected into each embryo via a glass needle. These were made from hematocrit capillary tubes (Drummond Scientific Company, PA, USA) using a microelectrode puller. The tip of each needle was compressed using tweezers to obtain a suitable nozzle size. It is essential that the needles used for these injections can penetrate the cell membrane without causing undue damage if the cRNA solution is to be injected successfully into the cell. We have found by experience that suitable devices for the accurate injection of cRNA into embryonic cells are Nanojector, an injector specific for amphibian oocytes (Drummond Scientific Company, PA, USA), and the IM-5B micro injector (Narishige, Tokyo, Japan).
The cRNA was dissolved in distilled water and injected uniformly into four locations within the animal-pole region of the embryos used in our experiments. The animal-pole region is the most suitable injection site for analysis of a number of gene functions, because it is highly active in various cell functions during early embryogenesis. It is important to determine, by trial and error, the correct concentration of cRNA to inject in each experiment in order to ensure that the levels used are sufficient to induce measurable effects without being toxic to the embryo. In our experiments, a volume of 50-100 nl cRNA solution, containing 50-100 ng cRNA, was used for injection into each embryo. For the control experiment, the equivalent amount of antisense cRNA was injected. Following the cRNA injections, the embryos were cultured for 24 h at 20°C in the culture solution until they reached the late blastula stage (stage 10). Embryos were examined at the late blastula stages, because the incidence of abnormal embryo development (collapse of gastrulation) appeared at the gastrula stage (stage 12). Moreover, cRNA expression was found to be high at the late blastula stage. The analysis should be done at this stage since forced expression of exogenous genes is more likely to cause abnormalities at later developmental stages.
Immunocytochemistry
The distribution of the proteins translated from the injected cRNA was examined by immunocytochemistry. Embryos were fixed in 100% cold acetone for 60 min. Following fixation, the embryos were washed with buffer solution and embedded in OCT compound (Tissue Tek, CA, USA). The specimens were then frozen and sections cut at 10-20 µm. The glass slides to which these sections were to be applied were coated with polylysine, because of the ease with which frozen sections of amphibian embryos peel from glass during immunostaining procedures. After immunostaining in the usual manner, the sections were visualized using fluorescence microscopy.
Electron microscopy
The presumptive ectoderm of the embryo, into which cRNA had been injected, was excised under pre-fixative solution (3% paraformaldehyde, 2.5% glutaraldehyde, 0.1 M cacodylate buffer, pH 7.4) using tungsten needles, then kept for 1 day in fixative solution. After washing with buffer solution, specimens were treated with post-fixative solution (1% OsO 4 , 0.1 M cacodylate buffer, pH 7.4) for 2 h. They were then washed with buffer solution and dehydrated using alcohol and acetone before being embedded in epoxy resin. Ultrathin sections were double-stained with uranyl acetate and lead citrate, then examined under an electron microscope (JEM-1010; JEOL, Tokyo, Japan).
Results and discussion
In mammalian skeletal and cardiac muscle cells, the sarcoplasmic reticulum is in close contact (10-12 nm) with the ttubules (or cell membrane) and forms membrane couplings (so-called triad, diad and peripheral couplings). Ryanodine receptors (calcium channels) and voltage-dependent calcium channels are localized to the sarcoplasmic reticulum and ttubule, respectively. They form a functional coupling at the triad and diad structures that acts to regulate the intracellular concentration of Ca 2+ ions, which are required for cell contraction [4] [5] [6] [7] [8] .
We analyzed genes involved in the formation of these membrane couplings and in the formation of meshwork arrangements of sarcoplasmic reticulum. In our previous studies, we isolated some proteins localized to the triad structures in rabbit skeletal muscle (Fig. 1) [9] [10] [11] . We chose two of these proteins, mitsugumin-29 (MG29) [10] and junctophilin [11] , and analyzed their roles in triad and diad formation using the present method. These analyses were designated to yield results to be discussed together with previous analyses of knockout mice, enabling us more fully to assess the functions of these proteins in triad and diad formation.
MG29
MG29 has been identified as a membrane protein (relative molecular size, 29 kDa) localized to the triads of skeletal muscle cells [10] . Upon forced expression of the MG29 gene in Cynops embryos, MG29 protein appeared in the cytoplasm and at the cell membrane (Fig. 2a) . Electron microscopy revealed an excess formation of tubular endoplasmic reticulum in the cytoplasm (Fig. 2b) . Indeed, both tubular endoplasmic reticulum and many vacuoles that had originated from the rough endoplasmic reticulum accumulated abundantly within the cytoplasm. However, no morphological change was seen near the cell membrane. These observations and the appearance of MG29 during muscle development in the rabbit fetus raise the possibility that MG29 may take part in the formation of the meshwork structures of sarcoplasmic reticulum that surround the myofibrils in skeletal muscle [12] . As might be expected from the results of the forced-expression experiment, the meshwork of sarcoplasmic reticulum in skeletal muscle has been found to be poorly formed in MG29-knockout mice (as compared with the situation in wild-type mice) [13, 14] . In these mutant mice, morphological abnormalities in the transverse tubules and a partial deficiency of triad structures at the A-I junction were observed, too. Abnormalities in the physiological functions of skeletal muscle (e.g. smaller twitch/tetanus ratio and rapid decrease of twitch tension compared with control mice) were confirmed alongside the morphological changes.
Junctophilin
Junctophilin, a membrane protein with a molecular weight of 72 kDa, is distributed in the triads within skeletal muscle cells and in the diads within cardiac muscle cells. There are at least three subtypes of junctophilin (JP-1, JP-2 and JP-3) [11] . Both JP-1 and JP-2 are co-expressed in skeletal muscle, but only JP-2 is expressed in cardiac muscle. JP-3 is expressed in both smooth muscle and neural cells. Our immunocytochemistry showed that junctophilins were distributed at the junctional region between the sarcoplasmic reticulum and the ttubule (or cell membrane). When JP-1 was overexpressed in Cynops embryos, JP-1 protein was localized to the cell membrane and to inclusions within the cytoplasm (Fig. 3a) . Electron microscopy revealed many segments of endoplasmic reticulum were intimately attached to the cell membrane, with only a narrow space (10-15 nm) , and in addition there were many stacks of endoplasmic reticulum within the cytoplasm [11] . Out of a total length of 823 µm of the cell membrane inspected in embryonic cells expressing JP-1, 180 µm (226 junctional complexes were included) showed close association with endoplasmic reticulum, exemplified by Fig. 3b . However, although a total length of 1186 µm cell membrane was inspected in control embryos, no such junctional complexes were observed. The close contacts between endoplasmic reticulum and cell membrane were similar in appearance to the couplings between t-tubule and sarcoplasmic reticulum observed in the triad, diad and peripheral couplings in skeletal and cardiac muscle cells (Figs 3c and 3d) . These findings raise the possibility that junctophilin connects the sarcoplasmic reticulum to the cell membrane with 10-12 nm gaps and that it may play important roles in the formation of triad, diad and peripheral couplings in muscle cells. Our previous study on JP-1-and JP-2-knockout mice provided data that need to be viewed in conjunction with the results of experiments on amphibian embryos. The formation of peripheral couplings during the fetal stage was markedly diminished in cardiac muscle cells isolated from JP-2-knockout mice and the heart beat was severely disabled in these mutant mice [11] . Indeed, knockout of JP-2 proved to be lethal at embryonic day 11, a time at which peripheral couplings are the main regulators of the intracellular Ca 2+ concentration, which in turn is important for cardiac muscle contraction. In the skeletal muscle of JP-1-knockout mice, triad formation is defective after birth [15, 16] . Indeed, JP-1-knockout mice died within 1 day after birth due to defects in suckling and breathing (presumably as a result of defects in muscle contraction secondary to disabled triad-formation).
Suitability of this method for analysis of various gene functions
Amphibian oocytes and embryos are often used as experimental materials for the forced expression of exogenous genes [17, 18] . Well-known examples include the functional analysis of ion channels in oocytes, and the analysis of the morphogenetic roles played by growth factors and transcriptional regulators in early embryos. Our objective, however, was somewhat different from those of previous studies. It was to carry out an analysis based on ultrastructural observations made following forced gene-expression in amphibian embryos that would enable us to form a view (however speculative) as to the functions performed by novel mammalian genes. It is still unclear whether such forced gene-expression in amphibian embryonic cells can yield results that truly reflect the intrinsic functions of mammalian genes. However, our studies have shown that this method can at least provide valuable suggestive data.
One of our studies demonstrated that functional analysis of mammalian genes using this method can be useful in the case of a gene that does not take part directly in the formation of cell organelles [19] . Prior to that, we had analyzed the functions of the syntaxin gene using this method. Although it may seem a digression, it is worthwhile for us to comment on our syntaxin results, because they illustrate the potential usefulness of the present method. Syntaxin has been isolated from mammalian neural tissue and found to play a role in the docking of synaptic vesicles to the target cell membrane [20, 21] . Forced expression of the syntaxin gene in amphibian embryonic cells induced ultrastructural abnormalities in the Golgi apparatus and an accumulation of secretory vesicles [19] . On the basis of these ultrastructural observations, we suggested that syntaxin might play a role in the intracellular transport system in non-neural cells in addition to a role in the secretion of synaptic vesicles in neural cells. More recent reports have shown that syntaxin does indeed play an important role in intracellular trafficking in non-neuronal cells [22, 23] , a finding consistent with our prediction. These results imply that if ultrastructural changes can be induced in specific cell organelles, either directly or indirectly, by forced expression of specific genes, our method can be used to help investigate whether or not they are involved directly in morphogenetic events in cell organelles.
We have also performed forced gene-expression in cultured mammalian cells and then compared the results with those obtained in amphibian embryos. However, the clear observations made in amphibian embryonic cells have not yet proved possible in experiments using cultured mammalian cells (unpublished data). This is probably due to the considerable differences between cultured cells and embryonic cells in term of the activity levels of cell functions.
Concluding remarks
Since developing a simple method, using amphibian embryos, for the preliminary analysis of mammalian gene functions, we have obtained very encouraging results with this technique. Our method has proven to be a rapid and cost-effective protocol for the analysis of early gene functions, since it can be performed in a few days. Although we have demonstrated the usefulness of this method in previous reports, it has not yet been widely employed. We think that many more analyses involving a variety of genes will be necessary before the true value of this method can be established. A combination of this method with examination of knockout and/or transgenic mice should create a valuable tool for the analysis of gene functions.
